The damage produced by 2 MeV protons on a 4H-SiC Schottky diode has been investigated by monitoring the charge collection efficiency as the function of the ion fluence. A new algorithm based on the Shockley-Ramo-Gunn theorem has been developed to interpret the experimental results. The fitting procedure provides a parameter which is proportional to the average number of active electrical traps generated by a single ion, which can be profitably used to estimate the radiation hardness of the material.
Introduction
4H-SiC Schottky diodes have been recently fabricated showing good performances as radiation detectors [1] . The wide band gap, large saturation velocity, large breakdown voltage and high thermal conductivity make this material a very attractive alternative to silicon for ionizing radiation detection applications. Moreover, the radiation hardness has often been considered an important quality of this material, which makes SiC an ideal candidate for detectors operating in high radiation damage environments. In order to evaluate the radiation hardness of 4H-SiC Schottky diodes, we have performed an experiment which follows the experimental procedure described in [2] . The behavior of the Charge Collection Efficiency (CCE) has been monitored as the function of the fluence of 2 MeV protons. The experimental data have been analyzed with a one-dimensional model which provides the charge collection profile as a function of the ion fluence. The model is valid only for relatively low ion fluences, since it assumes a direct proportionality between the trap density and the ion fluence; moreover, it considers a frozen vacancy distribution, as evaluated by a Monte Carlo computer code [3] .
Experimental
The measurements were carried out at the ion microbeam facility of the Ruđer Bošković Institute in Zagreb (HR) using a 2 MeV proton beam focused to a spot size of less than 5 µm. The sample consisted in an array of 16 Schottky electrodes with dimension 0.4x0.4 mm 2 fabricated by Alenia Marconi on an n-type (net doping concentration: 5x10 14 cm -3 ) epitaxial layer purchased from CREE Research company. Details on detector fabrication can be found in [1] . Figure 1 shows an Ion Beam Induce Charge (IBIC) map of two electrodes. The charge collection efficiency is encoded in grey scale, from the lowest (black) to the highest (white) values. The bias voltage was 34.2 V, corresponding to a depletion region of about 7 µm as evaluated by C-V measurements, not reported here. The map shows damaged regions due to previous IBIC measurements. In particular, the white arrow in Fig. 1 indicates the 83x86 µm 2 region in detector 1, which was scanned by the proton beam up to a final fluence of 4x10 10 protons⋅cm -2 . Figure 2 shows the evolution of the average IBIC signal measured during proton irradiation of this small area. After a fluence of 4x10 10 protons⋅cm -2 , the charge collection efficiency is about 30% less than in the nonirradiated zone. 
Discussion
To interpret the IBIC signal decay shown in Fig. 2 , we developed a new algorithm based on the Shockley-Ramo-Gunn's Theorem (SRGT) [4] , which can be considered an extension of the classical approach of Breese [5] , in which the basic equations are solved with the method of the adjoint equation described by Prettyman [6] .
The SRGT predicts that the induced charge at the electrode, i.e. the IBIC signal, is due to the motion of free carriers in the regions where electric field occurs. As can be seen in Fig. 3a , 2 MeV protons generate by ionization free carriers, whose distribution follows the characteristic profile of the Bragg's curve, which can be evaluated by the SRIM2003 Monte Carlo code [3] . The electric field occurs only in the depleted layer (dashed area in Fig.  3 ), while a large amount of free carriers is generated up to a depth of about 32 µm in the neutral region. Therefore, a significant contribution to the IBIC signal, besides that of the carriers generated within the depleted layer, comes from carriers diffusing in it from the neutral region.
In order to evaluate such contribution, the hole density profile for each generation point has to be calculated by solving the relevant continuity equation, followed by the integration of all the contributions along the generation profile, to obtain the total current density entering the active layer.
A convenient simplification of the procedure consists in the solution of the adjoint equations (AEq) of the hole continuity equation. It is possible to demonstrate that the solution of the AEq is proportional to the charge induced at the electrodes, and hence, the charge collection profile can be obtained by solving a unique partial differential equation [4] . Furthermore, the total induced charge (i.e. the charge induced at the electrodes within an infinite time) is represented by the solution of the following stationary differential equation, with the relevant boundary conditions: 
where D p is the hole diffusion coefficient, τ p is the hole lifetime, d is the thickness of the sample, w indicates the border of the depletion layer and p + is the normalized charge induced at the electrode. 
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Therefore, in a one-dimensional model along the depth coordinate, the total charge Q induced by the motion of the carriers generated by ions of energy E is proportional to:
(
where dE/dx is the ion electronic energy loss, shown in Fig. 3a . The first term represents the contribution of the carriers generated within the depletion layer, where we assume a complete charge collection because of the presence of a very high electric field (i.e. p + = 1). If τ p is constant, the profile of p + in the neutral region for an infinite device (i.e. d >> L p ) is proportional to exp[-(x-w)/L p ], where L p =(D p⋅ τ p ) 1/2 is the hole diffusion length and equation (2) corresponds to the classical expression proposed by Breese [5] .
The advantage of using the method of the adjoint equation is that it allows us to evaluate the induced charge even when the trapping lifetime τ p is not constant through the neutral region. This case occurs when trap levels are created by ion irradiation. Hole trapping lifetime is given by the harmonic average of the intrinsic trapping lifetime (τ p,i , due to the traps present in the non-irradiated sample) and of the damage-induced trapping lifetime (τ p,d , due to the traps that are created by ion irradiation): where N t°/ N t and σ t°/ σ t are the intrinsic/damage-induced trap concentration and capture cross section, respectively, v th is the thermal carrier velocity, Φ is the ion fluence [ion⋅cm -2 ], V(x) is the number of vacancies generated by one incident ion [vacancies⋅cm -1 ] per unit length, k is the fraction of vacancies that give rise to a trap center [number of traps per vacancy]. Note that, in a regime of relatively low damage, we can assume that the induced trap density is directly proportional to Φ. Eq. (7) has been solved numerically, since the vacancy generation profile V(x) cannot be expressed analytically, but is derived from SRIM2003 simulations. Fig. 2b shows the obtained vacancy generation profile for 2 MeV protons; values of 20 eV and 35 eV have been used for the displacement energy of C and Si atoms, respectively [7] . Fig. 4 shows profiles of L p and CCE at different proton fluences. As expected, at high proton fluences the diffusion length is highly depressed in the region where most of the vacancies are created (i.e. at the Bragg peak, ≈ 32 µm). The charge collection efficiency generally decreases with increasing generation depth, since only a small fraction of the charges generated deeply in the neutral region diffuses towards the depletion layer. With increasing proton fluences, a more pronounced depression of the CCE profile can be observed in correspondence of the Bragg peak. As imposed by the boundary conditions, the CCE profile within the depletion layer is 100%.
The charge collection profiles have been included in the integral of equation (2) in order to evaluate the total induced charge as the function of ion fluence. The solid curve in Fig. 2 shows the fit of the experimental data by means of the obtained numerical solutions, being the product (k · σ d · v th ) the unknown parameter. The obtained value is ( k · σ t · v th ) = 2.8 ⋅ 10 -7 cm 3 ⋅s -1 .
Since the average number of vacancies created by a single 2 MeV proton (i.e. the integral of curve in Fig. 2b) is about 24 vac./ion, the thermal hole velocity is about 10 7 cm·s -1 , the average number of trap centers generated by a single ion is given by 
At this stage, we cannot push further analysis since the value of the capture cross section σ t is not known. However, it is worth noticing that the value of the product n t ⋅σ t is similar to the one determined by Nipoti et al. for silicon n + -p diodes irradiated with 1.85 MeV He + ions [2] .
Summary
An analysis of the reduction of the performances of a 4H-SiC nuclear detector due to 2 MeV proton bombardment is presented. The behavior of the charge collection efficiency as the function of the proton fluence has been analyzed with a model based on the solution of the adjoint equation of the minority carrier transport equations. The formalism proved to be suitable to evaluate the number of active hole traps generated by a single ion, provided that the value of the capture cross section is known.
